Soot particle size distributions were measured using thermophoretic sampling, followed by electron microscopy, at different residence times during soot formation in a plug-flow reactor (PFR) under two sets of premixed C 2 H 4 /air combustion conditions (1 atm, equivalence ratio 2.2, and 1520 K and 1620 K) for which published concentration profiles of gas species and soot mass are available. The data were used to calculate the Harris global rate coefficient, k Harris , for C 2 H 2 addition to soot. The C 2 H 2 -soot reactivity as indicated by k Harris is found to oscillate significantly and to show a net increase with residence time in the PFR, neither of which behaviors would be expected if C 2 H 2 were actually the growth reactant. In contrast, use of the data to compute the global collision efficiency for dichloromethane (DCM) soluble polycyclic aromatic hydrocarbon (PAH) addition to soot, c PAH-soot , gives a soot reactivity with no net increase with residence time, and smaller oscillations explainable by the observation that higher molecular weight PAH fluctuate more than the total DCM soluble fraction. Interpreting the Harris C 2 H 2 addition mechanism as a globalization of the PAH addition mechanism with constant soot reactivity indicates that the oscillations and net increase of the Harris C 2 H 2 -soot reactivity are consistent with the variations in the concentration of the PAH reactants and particle size. Also consistent with these results are previous observations that the Harris C 2 H 2 -soot reactivity in premixed flames decreases sharply with residence time. Analysis here of published data from premixed one-dimensional C 2 H 2 /O 2 and C 6 H 6 /O 2 /Ar flames shows that the declining C 2 H 2 -soot reactivity agrees with the decline in the concentration of PAH reactants and increase in soot particle size, assuming a constant PAH-soot reactivity.
Introduction
Data sets on sooting flames that include time-resolved measurements of both particle size distribution and number density as well as concentrations of a sufficient number of the main gas species and temperature [1] [2] [3] [4] [5] [6] are vital to the development of detailed models of soot formation. Soot formation in a plug-flow reactor (PFR) has been studied extensively under sooting conditions [7] [8] [9] [10] , and concentration data for light gas species, individual polycyclic aromatic hydrocarbons (PAH), total PAH (dichloromethane [DCM] soluble compounds) mass, and soot (DCM insolubles) mass have been obtained for various equivalence ratios (), temperatures (T), and fuel additives. The PFR has a simple reactor geometry, permitting computations with large kinetics models (500-1000 reactions, 100-300 species) to be run in minutes, as opposed to hours for premixed flames, and without the uncertainty of diffusion parameters. However, the literature does not include soot particle size measurements for any of the data sets, thus leaving the soot inadequately characterized and hampering the study of elementary processes of soot formation. To address this need, soot particle size distributions were measured in the PFR in the present study under two of the previously studied sets of conditions and the results were used with the previous PFR [7] [8] [9] [10] and other flame [1] [2] [3] [4] [5] [6] data to analyze pathways of soot surface growth.
Experimental Data
Soot samples for transmission electron microscopy (TEM) were collected using the thermophoretic sampling [11] apparatus of Feitelburg [12] , from premixed C 2 H 4 /air combustion in a 2 in. diameter PFR [8] [9] [10] under two sets of conditions (1 atm, ‫ס‬ 2.2, and 1620 K and 1520 K) for which concentration profiles of light gas species, total PAH mass, and soot mass had already been measured [9, 13] . The soot particles were deposited on TEM grids inserted into the PFR at different axial distances or residence times, for flame exposure times of 100-200 ms. This range, which gave the optimal soot coverage of the grid, was identified in tests of exposure times from 20 ms to 1 s, which also showed the measured soot particle diameter to be independent of exposure time.
Various types of grids were used [14] . The best results, based on resolution and stability under the electron beam, were obtained with Ladd lacey carbon-on-formvar (pt #10975). Samples were obtained starting at 7.6 ms for the 1620 K condition, and at 14 ms for 1520 K, which correspond to points where the soot was easily detectable and the particle sizes easily measurable. The particle sizes, which increased linearly, were extrapolated back to 9 ms in the 1520 K case in subsequent calculations. The particles for both conditions at the various residence times sampled did not differ significantly except in size. They were mainly spherical particles with very little agglomeration.
Particle sizing was accomplished using scanned images and software written [14] for MATLAB, which calculates diameters based on three userspecified points on the particle perimeters. About 150 particles were sized for each soot sample. Few agglomerates were seen; they typically contained only 2-3 primary units or particles, which were counted separately but were not statistically significant. Through focal series, images were taken to determine the degree to which focal length could distort the particle sizes. The results indicate that the present particle diameters are accurate to within ‫.%01ע‬
The measured particle size distributions were combined with the soot mass concentration data of Marr [9, 13] to give number density distributions (Fig. 1) . The previous soot mass data were duplicated here for the 1620 K condition [14] , using a suction probe with filter collection, the same method used before [9, 10] , with an average agreement to within ‫.%51ע‬ The present probe was water-cooled and had a 3.2 mm i.d. porous-wall inner flow tube. Nitrogen was injected through the porous wall to prevent soot deposition in the probe and to increase the quenching rate [15] . This probe quenched more rapidly than the previously used [9] larger watercooled probe without gas injection, so the effective sampling positions of the two probes were different. In order to present the data on the same timescale, the previous data are shifted 3.5 ms later here. Considering experimental errors in the present and previous experiments, the error ranges are approximately as follows: soot mass concentration, ‫;%51ע‬ temperature, ‫05ע‬ K; mass concentration of DCMsoluble compounds, ‫;%51ע‬ stable gas species, ‫.%02ע‬
Analysis of Soot Growth Rate
Mass growth in the PFR is surface growth dominated, that is, growth from an average soot particle size of 15 nm to 21 nm at constant number density corresponds to 84% of the observed mass increase for the 1620 K case. Also, oxidation can be neglected based on calculations with a full soot model [14] , which show that neglecting OH oxidation amounts to a 17% difference in soot mass, using an OH-soot collision efficiency of 0.2 [16] . C 2 H 2 is frequently designated the soot surface growth reactant [3, 6, 17] in models of soot formation. Surface growth rate according to the mechanism of Harris [3] , which is simply C 2 H 2 addition to soot but can be regarded as a global representation of a radical-based mechanism such as hydrogen-abstraction-carbon-addition (HACA) [18] , is
where (Soot) is the mass concentration of soot, is partial pressure of C 2 H 2 in the atmosphere,
S is the surface area of soot per unit volume of gas (i.e., S ‫ס‬ pd 2 N, where d is the average soot particle diameter and N is the number concentration of soot), and k Harris is the specific surface growth rate constant in units of g/cm 2 s atm. In Harris's studies, k Harris declined sharply after the initial soot particle inception. This decline was shown to be a temperature-independent effect [3] and was interpreted as a decrease in the reactivity of the soot [3, 19] . This (a) Calculated specific surface growth rate constant based on C 2 H 2 -only addition to soot in the manner of Harris [3] from data () and from the expression derived from the PAH-only surface growth model, decline has also been observed in flames of aromatics [5, 19] . Figure 2 shows k Harris calculated for the two PFR conditions studied here. Also shown is the PAH-soot collision efficiency, c PAH-soot , calculated for the two cases assuming that PAH, represented by DCM soluble material, are the only growth reactants. c PAH-soot and k Harris are comparable quantities, the PAH-equivalent of k Harris being (M PAH /2pRT) 1/2 , where M PAH is the characteristic molecular weight of the PAH adding to the soot and R is the gas law constant. A soot density of 1.8 g/cm 3 was used, the number concentration was assumed to be constant and was calculated from the soot mass concentrations and diameters, and a finite difference approximation was used to obtain d(Soot)/dt.
The apparent reactivity indicated by k Harris shows a net increase with residence time and an oscillation at both temperatures. c PAH-soot shows relatively little net change at either temperature but at 1620 K shows an oscillation at the same residence time (ϳ11 to 15 ms) as a larger oscillation in k Harris . The oscillations in k Harris result from oscillations in d(Soot)/ dt that cannot be explained by changes in S or . The relatively small change in c PAH-soot , except P C H 2 2 for one oscillation (Fig. 3b) , reflects the oscillations in d(Soot)/dt being almost consistent with the variations in PAH. Oscillations of d(Soot)/dt, similar to those reflected in Fig. 3 , occur also in 11 other sets of significantly different conditions in the PFR [14] . The oscillations are not a result of random data scatter. Based on the errors (see above) in the data used, the overall error in k Harris and c PAH-soot is significantly less than the variations seen in Fig. 3 .
As has been described previously [8] , the PFR is similar to the postflame zone of a premixed onedimensional flame. The region of soot formation in the PFR which shows the increase in reactivity is the early stage of soot surface growth, soon after particle inception, the same region where a decline in reactivity is observed in the premixed flame studies mentioned previously. The present particle sizes are also similar to those of premixed flame studies (ϳ10 to 20 nm). Therefore, there is little reason to expect that soot should show an increase in reactivity in the PFR and a decrease in the premixed one-dimensional flames. This discrepancy casts doubt on a varying soot reactivity theory.
Decreasing concentrations of radicals, especially H, has also been cited as the cause of the declining reactivity [17, 20] , but this hypothesis is unacceptable for several reasons. In the PFR, the increasing apparent reactivity would require an increase in [H] . However, in the PFR, [H] decays only toward equilibrium, as seen in both measurements and simulations [13] , in contrast to the oscillations and net increase that would be required to give the experimental soot concentration profiles. In premixed one-dimensional aromatics flames, soot inception and the decline in apparent reactivity [5] occur while primary oxidation is still taking place and [H], [OH] , and T are increasing [21] [22] [23] , in conflict with the radical-based hypothesis. Even for premixed aliphatic flames, in which soot formation occurs in the burned gas region, where [H] and [OH] are decaying toward equilibrium [24, 25] , Colket and Hall [26] found that the decay of the apparent C 2 H 2 -soot growth rate constant, experimentally determined for C 2 H 4 flames [3] and C 2 H 2 flames [4] , does not match the decay predicted by the radical-based hypothesis. This failure is due to the [H] and T profiles not decaying in the same region nor with the same shape or magnitude as is observed for the surface growth rate constant. Faeth et al. [6, 27] fitted their soot data from aliphatic flames using the surface growth mechanisms of Frenklach and Wang [17] and Colket and Hall [26] , and handled the disagreement of the radical-based description of the apparent C 2 H 2 -addition reactivity using an adjustable factor ␣ ‫ס‬ 0.00115 exp(12500/T) to correct for the decline in apparent reactivity not being as rapid as the decline in [H], the correction becoming larger as T decreases. This treatment would not work for the aromatics flames where temperature and [H] are increasing, and it cannot account for the oscillations and net increase in apparent reactivity observed in the PFR.
Whereas the C 2 H 2 -addition reactivity is not constant or variable in a manner consistent with C 2 H 2 actually being the soot growth reactant, such striking deviations are not seen in the PAH-addition reactivity. It has been suggested that PAH are soot growth reactants [8, 9, 28, 29] , though the evidence has been inconclusive [30] . As shown below, consideration of PAH as the dominant soot growth reactants helps explain the behavior of the apparent C 2 H 2 -addition reactivity.
Based on the assumption of negligible oxidation, the expression for surface growth by PAH addition only can be written for the constant density PFR as 
which has the form of a surface growth rate, Therefore,
Thus, k Harris can be expressed in terms of k PAH-soot , the justification of which, as shown by the above derivation, is that C 2 H 2 ‫ם‬ Soot is a globalization of the PAH ‫ם‬ Soot pathway. Acetylene is the reactant for mass addition to PAH, and PAH are the reactants for mass addition to soot. The PAH-addition mechanism can be represented as C 2 H 2 addition, but with the loss of detail in eliminating the PAH intermediates.
To see if this explanation reconciles the observed deviations in the reactivity, c PAH-soot and k Harris were calculated for two one-dimensional premixed flames: ‫ס‬ 2.4, 40 torr, C 6 H 6 /O 2 /Ar [5, 31] , and C/O ‫ס‬ 1.2, 20 torr, C 2 H 2 /O 2 [2, 32, 33] , for which time-resolved measurements of (PAH), (Soot), and soot diameter data are available. Figs. 3 and 4 show k Harris calculated from equation 1 and the values calculated from equation 6 with c PAH-soot ‫ס‬ 0.2 for the C 6 H 6 flame, and 0.5 for the C 2 H 2 flame. M PAH is not well Fig. 4 . Calculated specific surface growth rate constant based on C 2 H 2 -only addition to soot in the manner of Harris [3] from data () and from the expression derived from the PAH-only surface growth model, known and is tentatively taken as constant at 500 amu for both flames. Increasing M PAH to 900 amu would increase c PAH-soot for the C 2 H 2 flame to 0.7. The soot particle sizes are 2-8 nm for the C 6 H 6 flame [5] , and 5-15 nm for the C 2 H 2 flame [2] for the ranges in height above burner corresponding to the peak of k Harris to the last points plotted. Also shown are a [H] profile [21] for the C 6 H 6 flame and an experimental [H] profile for a similar C 6 H 6 flame with ‫ס‬ 1.8 [22] . As mentioned before, the radicals increase in the region of interest, obviating the radical-based interpretation of declining soot reactivity from explaining the decline in k Harris An analysis similar to that above was done for the two PFR conditions shown before. Fig. 5 shows k Harris calculated by both equations for the 1520 K (a) and 1620 K (b) conditions. The best values of c PAH-soot were found to be 0.1 for 1520 K and 0.2 for 1620 K and are held constant to illustrate the point that the PAH-soot reactivity need not vary to obtain the qualitatively observed increase in reactivity and oscillations of k Harris . For both conditions, k Harris shows the oscillation at the right residence time, although the decline for 1620 K is not enough. In the region of the oscillation, the PFR data [8] [9] [10] show that higher molecular weight PAH decline more than the total DCM soluble fraction (ϳ60% of which is naphthalene and acenaphthylene in the region of the oscillation), consistent with the notion that higher molecular weight PAH contribute more to surface growth. Fig. 6 shows gas chromatographic (GC) data for the 1620 K condition for naphthalene (128 amu), acenaphthylene (152 amu), cyclopenta(def)phenanthrene (190 amu), pyrene (202 amu), cyclopenta(cd)pyrene (262 amu), and total PAH [13] . The general trend is that higher molecular weight PAH show a larger oscillation in concentration. Also shown in Fig. 6 is the concentration of PAH reactants that would be required for c PAH-soot to remain constant to within ‫.%51ע‬ That the individual PAH measured by GC show the same decline in concentration is also evidence that the oscillations in PAH concentration are not data scatter. Instead, the oscillations may be explained by sign changes in the relatively small difference between strong formation and consumption pathways [14] . The values of k Harris from equation 6 at both 1520 K and 1620 K show not only a net increase, as observed for k Harris calculated using equation 1, but also the fluctuation at the required residence time to within the finite-difference approximation. Calculations for the PFR at the present conditions with a detailed soot model [14] comparing C 2 H 2 and PAH as soot surface growth reactants are consistent with the present finding that the soot concentration profile is best described by PAH addition. The PAHdominant surface growth mechanism explains the apparent decline in C 2 H 2 -soot reactivity observed in flames and reconciles the observed increases and oscillations observed in the PFR. The soot does not change in reactivity. The global C 2 H 2 mechanism responds to the changes in PAH concentrations as predicted by equation 6. The flame conditions analyzed here, except for the C 6 H 6 flame, are not PAH-rich cases, so the observed dominance of PAH addition cannot be assumed to occur only under conditions of high PAH concentrations.
Conclusion
Extension of published PFR data to include timeresolved soot particle size measurements allowed several data sets from this system to be used along with published one-dimensional flame data to calculate time-resolved soot surface growth rates for a range of combustion conditions. Use of the results to analyze surface growth pathways shows that the soot reactivity varies with residence time in different ways in the different systems if C 2 H 2 is assumed to be the dominant soot surface growth reactant. The C 2 H 2 -soot reactivity exhibits a sharp decline in onedimensional flames studied, with a net increase and oscillations in the PFR flames even though the soot characteristics (i.e., primary soot particles Ͻ20 nm in diameter) are similar for both types of systems. The observed variations are consistent with the hypothesis that PAH are the dominant soot growth reactants. PAH exhibit concentration magnitudes and fluctuations required of the dominant surface growth reactant, and the PAH addition mechanism explains the observed variations of the apparent soot reactivity as resulting from fluctuations in PAH concentrations, with C 2 H 2 addition being a globalization of the PAH-addition mechanism.
